A diet containing 10 % cocoa, a rich source of polyphenols and fibre, is able to modify intestinal immune status as well as microbiota composition. The present study was aimed at investigating whether cocoa flavonoid content is uniquely responsible for these modulatory effects of cocoa, and to establish whether these effects depend on the rat strain. To this end, 3-week-old Wistar and Brown Norway rats were fed, for 4 weeks, either a standard diet or the following three isoenergetic diets containing increasing proportions of cocoa flavonoids from different sources: one with 0·2 % polyphenols (from conventional defatted cocoa), and two others with 0·4 and 0·8 % polyphenols (from non-fermented cocoa, very rich in polyphenols). Serum Ig concentrations, faecal IgA levels, microbiota composition and IgA-coating bacterial proportion were evaluated at the beginning and at the end of the study. After the nutritional intervention, the composition of lymphocytes in Peyer's patches and mesenteric lymph nodes was evaluated. In some respects, the Wistar strain was more sensitive to the impact of the cocoa diets than the Brown Norway strain. After 4 weeks of dietary intervention, similar modulatory effects of the diets containing 0·2 and 0·8 % polyphenols on mucosal IgA levels and microbiota composition were found, although the 0·2 % diet, with a higher proportion of theobromine and fibre, had more impact, suggesting that polyphenols are not the only components involved in such effects.
Cocoa powder is a product derived from the beans of the Theobroma cacao plant that is considered a rich source of fibre (26-40 %) , proteins (15-20 %) , carbohydrates (about 15 %) and lipids (10-24 %) . It also provides minerals and vitamins (1) . It has become a subject of increasing interest due to its high content of flavonoids, compounds with antioxidant activity. Cocoa mainly contains the monomers (-)-epicatechin and catechin as well as various polymers derived from both of these compounds, known as procyanidins. Methylxanthines have also been identified in cocoa powder (2) . To date, there have not been many studies addressing the dietary effects of polyphenols on gut-associated lymphoid tissue (GALT) (3) , and there have been even fewer studies about the effects of cocoa polyphenols on the functionality or composition of GALT in animals (4) . GALT constitutes the most extensive and complex part of the immune system in the body. Structurally, it is composed of diffused cells, considered to be the effector site of the immune response (intraepithelial and lamina propria lymphocytes), and organised lymphoid structures considered as the inductive site of the intestinal immune response (Peyer's patches (PP), isolated follicles and mesenteric lymph nodes (MLN)). Previous studies (5) have reported that the ratios of T:B lymphocytes
and Th:Tc cell subsets in PP and MLN are modified after a high intake of cocoa polyphenols in young rats. IgA is the most abundant Ig isotype produced in the body, and it is estimated that about 80 % of all IgA antibody-secreting cells reside in the gut mucosa (6) . This antibody constitutes the first line of non-inflammatory immune protection at mucosal surfaces by neutralising microbial pathogens and exotoxins and by interacting with innocuous dietary antigens and commensal microbes (7, 8) . The capacity to modulate secretory IgA (sIgA) levels by different polyphenols has been described previously (9, 10) . Focusing on cocoa polyphenols, their effects on sIgA levels have been studied in different experimental designs using rats that have confirmed that polyphenols reduce sIgA protein and sIgA gene expression, which leads to a different pattern of IgA-coating bacteria (5, 11, 12) . The crosstalk between GALT and the microbiota has been shown to be critical for mucosal tissue homeostasis, maintenance of mucosal barrier function and protection against infectious and inflammatory diseases occurring at mucosal sites. The interaction is a complex and tightly regulated process that distinguishes invasive pathogens and innocuous antigens from food and commensal bacteria (13) . During the metabolism of food and xenobiotics such as polyphenols, the host and its gut microbiota co-produce a large number of small molecules, many of which play critical roles in this crosstalk (13) . Some of these signals from commensal intestinal bacteria continuously support the maintenance of mucosal lymphoid tissue (14) . It has also been also observed that polyphenol-rich dietary sources have an influence on the gut microbiota (15, 16) . In relation to this, it has recently been demonstrated that high intakes of polyphenols from cocoa are able to produce changes in microbiota composition in animals (12) and in humans (17) . These changes in the microbiota could be partly responsible for the changes observed in GALT. The aim of the present study was to ascertain whether cocoa flavonoid content is uniquely responsible for the modulatory effects of cocoa on the immune system and microbiota as reported in previous studies, and at the same time, to evaluate whether these changes are rat strain dependent. To achieve this objective, two rat strains with a different immune response pattern were fed diets containing the following three different proportions of polyphenols from different sources of cocoa: one diet contained a conventional cocoa powder and the other two diets contained flavonoid-enriched cocoa powders obtained from non-fermented, blanched and non-roasted cocoa beans.
Materials and methods

Diets
A conventional natural Forastero cocoa powder (Nutrexpa S.L.) containing 21·20 mg/g of polyphenols was used to elaborate a diet with 0·2 % polyphenol (PC0·2). A cocoa polyphenol-enriched extract obtained from non-fermented, blanched and non-roasted cocoa beans and containing 160·3 mg/g was used to elaborate a diet with 0·4 % polyphenol (PC0·4). Moreover, a 0·8 % polyphenol diet (PC0·8) was elaborated using an ethanol extract from the same non-fermented, blanched and non-roasted cocoa beans and containing 510 mg/g of polyphenols. The polyphenol characterisation of the three cocoa powders is summarised in Table 1 .
The three cocoa diets were elaborated from a standard AIN-93M formula by subtracting the amount of carbohydrates, proteins, lipids and insoluble fibre provided by each cocoa source. The resulting cocoa polyphenol-rich chow diets were isoenergetic and had the same proportion of macronutrients (carbohydrates, proteins and lipids) and insoluble fibre as the standard diet, and provided the corresponding quantity of particular compounds such as cocoa soluble and insoluble fibre and cocoa polyphenols (Table 1) .
Animals
Female Wistar and Brown Norway rats (3 weeks old) were obtained from Harlan and housed in cages under conditions of controlled temperature and humidity in a 12 h light -12 h dark cycle. After an acclimatisation period of 1 week, the rats were randomly distributed into four dietary groups (n 6 per group) for each strain. The reference (REF) groups were fed with a standard AIN-93M diet (Harlan), and the cocoa groups received the PC0·2, PC0·4 or PC0·8 diets. The diets lasted for 4 weeks.
The rats were given free access to water and chow ad libitum. Body weight and food intake were monitored throughout the experiment. The studies were performed according to the criteria outlined by the Guide for the Care and Use of Laboratory Animals. Experimental procedures were reviewed and approved by the Ethical Committee for Animal Experimentation of the University of Barcelona (reference no. 358/12).
Sample collection and processing
Blood samples were collected weekly from the beginning of the diet until the end of the study, and after centrifugation, serum was separated and kept at 2208C until Ig quantification 1·8  1·4  1·8  1·8  Maize starch  419·1  421·0  415·7  417·5  Maltodextrin  147·3  116·8  147·3  147·3  Sucrose  117·0  108·7  117·0  117·0  Soyabean oil  40·0  26·2  37·7  38·9  Cellulose  50·0  24·5  42·9  46·5  Minerals  27·0  27·8  27·0  27·0  Vitamins  2·0  7·2  2·0 REF, reference diet; PC0·2, diet containing 0·2 % polyphenol from conventional cocoa; PC0·4, diet containing 0·4 % polyphenol from non-fermented cocoa rich in polyphenols; PC0·8, diet containing 0·8 % polyphenol from non-fermented cocoa rich in polyphenols; ND, not determined. * Total polyphenol compounds were estimated by the Folin -Ciocalteu spectrophotometric method. The polyphenol profile was identified and quantified using a reversed-phase HPLC coupled to a diode array detector, and the procyanidin profile (from monomers to . decamers) by normal-phase HPLC coupled to MS with fluorescence detection.
by ELISA. Faecal samples were collected at the same time points and were processed for Ig quantification and bacterial characterisation. For this purpose, faecal homogenates were obtained, as described previously (5, 12) , and frozen at 2 208C until analysis.
After 4 weeks of dietary intervention, the rats were anaesthetised intramuscularly with ketamine (90 mg/kg; Merial Laboratories, S.A., Barcelona) and xylazine (10 mg/kg; Bayer). The small intestine and MLN were collected. The small intestine was divided into two halves and carefully rinsed with cold 0·9 % NaCl solution in order to remove faecal content. The distal half was opened lengthwise and visible PP were excised. The intestinal tissue without PP was used to obtain the gut wash for IgA quantification by ELISA, as established previously in our laboratory (5) , while the proximal half was rejected. MLN and PP were used to isolate lymphocytes and to perform their phenotypic characterisation.
Lymphocyte isolation from Peyer's patches and mesenteric lymph nodes
The excised PP were incubated in a shaker with Roswell Park Memorial Institute (RPMI) medium containing 1 mM-dithiothreitol (Sigma-Aldrich) for 5 min at 378C. Thereafter, PP were washed with RPMI medium and passed through a 40 mm mesh (BD Biosciences). The filtered cell suspension was resuspended in RPMI medium containing 10 % fetal bovine serum (FBS; Sigma-Aldrich) and 0·05 mM-2-b-mercaptoethanol (Merck). Cell counting and viability were determined by double staining with acridine orange and ethidium bromide (Sigma-Aldrich), followed by fluorescence light microscopy analysis using a Zeiss microscope (Axioskip MC80; Zeiss).
MLN cell suspension was obtained by passing the tissue through a sterile 40 mm mesh and incubating on ice to remove tissue debris by sedimentation for 10 min. Then, the suspensions were centrifuged (500 g, 5 min, 48C), and the cells were resuspended in RPMI medium containing 10 % FBS and 0·05 mM-2-b-mercaptoethanol. Cell counting and viability were also determined.
Lymphocyte immunofluorescence staining and flow cytometry analysis PP and MLN lymphocytes were stained with anti-rat monoclonal antibodies (mAb) followed by flow cytometry (FCM) analysis. Mouse anti-rat mAb conjugated to fluorescein isothiocyanate, phycoerythrin or peridinin chlorophyll protein used herein included the following: anti-CD4 (OX-35); anti-T-cell receptor (TCR)-ab (R73); anti-CD8a (OX-8); anti-CD25 (OX-39); anti-CD-161a (10/78); anti-CD45RA (OX-33) (BD Biosciences); anti-IgA (Thermo Fisher Scientific). Cells (2 £ 10 5 ) were labelled with saturating concentrations of conjugated mAb in PBS (pH 7·2) containing 1 % FBS and 0·09 % sodium azide (Merck) for 30 min at 48C in the dark. Negative control staining using isotype-matched mAb was included for each sample. After washing with PBS, the cells were fixed with 0·5 % p-formaldehyde (Merck) and stored at 48C in the dark. Analyses were performed using an FC 500 Series Flow Cytometer (Beckman Coulter, Inc.), and data were assessed by the FlowJo version 7.6.5 software (Tree Star, Inc.). Lymphocyte populations were defined as follows:
2 ) cells. Results are expressed as percentages of positive cells in the lymphocyte population selected according to their forward-scatter characteristics (FSC) and side-scatter characteristics (SSC), as reported previously (5) .
Ig quantification in serum, faeces and gut washes by ELISA
The amounts of sIgA in gut washes and faeces, and serum IgA, IgG1, IgG2a, IgG2b concentrations were quantified by ELISA, as described previously (11) . In brief, ninety-six-well polystyrene plates (Nunc MaxiSorp) were coated with anti-rat IgA, IgG1, IgG2a or IgG2b (2 mg/ml in PBS; BD Biosciences) and incubated overnight. After blocking with PBS containing 1 % bovine serum albumin (1 h), the plates were washed and appropriate diluted samples and standard dilutions were added (3 h). After washing, biotin-conjugated anti-rat IgA, IgG1, IgG2a or IgG2b mAb were added (1 mg/ml; BD Biosciences) and after 2 h, peroxidase-conjugated ExtrAvidin (4 mg/ml; Sigma-Aldrich) was incubated for 30 min. Finally, the enzyme-substrate reaction was developed and stopped by adding 3 M-H 2 SO 4 (Merck). Absorbance was measured in a microplate photometer (LabSystems Multiskan) at 492 nm. Data were interpolated using ASCENT version 2.6 software (Thermo Fisher Scientific) into the standard curves, and expressed as mg/ml for IgG1, IgG2a and IgG2b and as ng/ml for IgA results.
Fluorescence in situ hybridisation of gut microbiota
The bacterial groups present in the faeces were characterised using the fluorescence in situ hybridisation technique with group-or genus-specific fluorochrome-conjugated probes (Sigma-Aldrich), as established previously in our laboratory (12) with some modifications. The specific probes and controls used in the present study, as well as the hybridisation conditions, are summarised in Table 2 . The EUB338 probe labelled at the 5 0 -end with indocarbocyanine fluorochrome (Cy3) was used to label total bacteria, whereas the NON-EUB338-indodicarbocyanine fluorochrome (Cy5) probe was applied as a negative control in order to eliminate background fluorescence. Briefly, fixed cell suspensions were incubated in the presence of each fluorescent probe (50 ng/ml) in preheated hybridisation buffer (10 mM-Tris -HCl, pH 8, 0·9 MNaCl and 0·1 % SDS) in a 0·2 ml tube in a thermocycler at appropriate temperature (Table 2 ) for 2 h in the dark. In the case of Lactobacillus, samples were washed with Tris -EDTA buffer and permeabilised with 0·25 mg/ml of lysozyme (Serva) for 1 h at room temperature before the hybridisation process with the same hybridisation buffer but adding 30 % formamide. Hybridised cell suspensions were then washed with hybridisation buffer with 0·001 % SDS for 30 min at the same temperature as hybridisation was done in order to eliminate non-specific binding of the probes. The hybridised cells were collected by centrifugation (12 000 g, 5 min), washed twice in PBS, resuspended for FCM analysis and kept in the dark at 48C until analysis.
Ig-coating bacterial staining
Faecal homogenates were diluted in 1 % (v/v) FBS/PBS and centrifuged (8000 g, 5 min, 48C). The resulting pellet was resuspended in 1 % (v/v) FBS/PBS containing fluorescein isothiocyanate -anti-rat IgA antibodies (Abcam). Each mixture was incubated for 30 min in the dark, washed twice with PBS (8000 g, 5 min) and resuspended in PBS until analysis. A nonstained mixture of each sample was used as the control. To label total bacteria, the samples were mixed with propidium iodide (Sigma-Aldrich) before FCM analysis.
Flow cytometry bacterial analysis
For bacterial characterisation and IgA-coated bacterial determination, FCM analysis was performed using a FACSAria SORP sorter (BD Biosciences), as described previously (12) . Bacterial morphology was selected according to their FSC/ SSC signal. Subsequently, bacteria hybridised with group-or genus-specific probes conjugated to Cy5 or Cy3 were detected by combining the FSC signal with fluorescence detectors. FCM parameters were adjusted for bacterial counts, and bacterial concentrations of the samples were adjusted to obtain particle counts of 100-1000 events/s, and the events were recorded for 60 s in list mode files. Commercial Flow-Checke Fluorospheres (Beckman Coulter, Inc.) were used to determine total counts combined with the EUB338-Cy3 probe. The proportion of IgA-coating bacteria was expressed as positive fluorescein isothiocyanate counts within the propidium iodide-positive bacteria present in the above FSC/SSC morphology gate. Both analyses were performed using the FlowJo version 7.6.5 software (Tree Star, Inc.).
The results of microbiota composition are expressed as the percentage of each genus with respect to the total bacterial population hybridised with EUB probes in each sample. Similarly, the results of IgA-coating bacteria are expressed as the percentage of bacterial cells labelled with anti-rat IgA with respect to the total cell population labelled with propidium iodide.
Statistical analysis
Statistical analysis was performed using the software package SPSS 18.0 (SPSS, Inc.). Levene's and Kolmogorov -Smirnov tests were applied to assess variance equality and normal distribution, respectively. Conventional one-way ANOVA was performed when normal distribution and equality of variance existed. The Bonferroni test was applied when specific cocoa intake had a significant effect on the dependent variable. Non-parametric Mann-Whitney U and Wilcoxon tests were used in order to assess significance for independent and related samples, respectively. Significant differences were established at P,0·05.
Results
Effects of cocoa polyphenols on body weight and chow intake
During the study, although the body weight of Brown Norway rats was lower than that of Wistar rats, its slope was similar among the dietary groups in every rat strain with the exception of those that received the diet with lower polyphenol content (PC0·2 group). In Wistar rats, the PC0·2 diet produced a statistically significant lower increase than that in the REF groups during the study (P, 0·05; Fig. 1(a) ), whereas in Brown Norway rats, the significance appeared only at the end of the study (P,0·05; Fig. 1(b) ). This effect was not related to lower chow intake since it was similar throughout the study among all the experimental groups in both rat strains (data not shown).
Effects of cocoa polyphenols on serum IgG1, IgG2a and IgG2b concentrations Serum concentrations of IgG1, IgG2a and IgG2b from all the experimental groups throughout the study in both strains are summarised in Fig. 2 . Wistar rats showed an age-increasing pattern in the second half of the study in the three IgG isotype concentrations ( Fig. 2(a) -(c) ). With regard to the nutritional intervention, the diets containing cocoa polyphenols partially reduced this increase in comparison with the REF diet, being statistically significant (P, 0·05) for IgG1 at day 21 ( Fig. 2(a) ) and for IgG2b at day 14 in the PC0·2 group and at the end 
Negative control NON-EUB ACTCCTACGGGAGGCAGC 46 Wallner et al. (43) of the study after the intake of the three diets (Fig. 2(c) ). No significant effects were observed for IgG2a. Brown Norway rats showed higher IgG concentrations than Wistar rats, and at the end of the study, their values were 9-fold the IgG1 concentration ( Fig. 2(d) ), 3-fold the IgG2a concentration ( Fig. 2(e) ) and 2-fold the IgG2b concentration ( Fig. 2(f) ) compared with those found in Wistar rats. No significant effects were observed after the nutritional interventions with any of the cocoa polyphenol-enriched diets in this rat strain with the exception of a punctual increase in IgG1 concentration by the PC0·2 diet.
Effects of cocoa polyphenols on serum, faecal and gut wash IgA concentration Serum obtained during the period of the study was also used to quantify IgA. There were no effects on IgA concentration in Wistar rats after any nutritional interventions (Fig. 3(a) ). On the contrary, Brown Norway rats fed with cocoa polyphenols decreased serum IgA concentration after 3 weeks of diets, the concentration being significantly lower than the REF groups (P,0·05), though at the end of the study, the levels were similar among all the dietary groups ( Fig. 3(b) ).
Intestinal IgA concentration was also quantified in the faeces and gut washes. Faecal IgA concentration quickly increased over the study period in REF Wistar rats. This agedependent increase was partially but significantly avoided by all cocoa polyphenol-enriched diets 14 d after the nutritional intervention (P, 0·05). Nevertheless, the inhibitory effect on faecal IgA remained significant only in rats that were fed with the PC0·2 and PC0·8 diets at the end of the study (Fig. 3(c) ). The age-dependent increase in faecal IgA concentration observed in the Wistar strain was also observed in REF Brown Norway rats for the first 3 weeks of the study. The three polyphenol-enriched diets partially avoided such an increase (P, 0·05). After 1 week, faecal IgA concentration was similar among the dietary groups ( Fig. 3(d) ).
The results obtained for gut wash IgA at the end of the study were similar in both strains (Fig. 3(e) and (f) ). All the three experimental diets reduced their concentrations, but they were only statistically significant in rats fed with the PC0·2 and PC0·8 diets (P, 0·05), which showed up to four to five times lower IgA concentrations in gut washes.
Effects of cocoa polyphenols on lymphocyte composition in mesenteric lymph nodes and Peyer's patches
The percentages of B, Th, Tc, NK and NKT cells in MLN and PP for both strains and each cocoa polyphenol-enriched diet are summarised in Fig. 4 .
Although no significant effects were observed in any of the studied MLN cell populations from Wistar and Brown Norway rats after cocoa polyphenol-enriched diets, the PC0·8 diet tended to reduce Th proportion and at the same time tended to increase B cells (Fig. 4(a) and (b) ).
With regard to the PP lymphocyte population, all three polyphenol-enriched diets have a tendency to up-regulate the NK proportion in both studied strains, but only the PC0·2 diet significantly increased its proportion in Wistar rats (P, 0·05; Fig. 4 (c) and (d)). Moreover, all diets tended to reduce the proportion of both Th and Tc cells with an increase in the proportion of B cells in Wistar rats. On the contrary, in Brown Norway rats, a tendency to increase the proportion of B cells while decreasing that of Th cells was only observed for the PC0·4 diet (Fig. 4(d) ).
Effects of cocoa polyphenols on gut microbiota composition
As the Wistar strain showed a higher impact of the cocoa diets than the Brown Norway strain on faecal IgA concentration at the end of the study (Fig. 3(c) and (d) ), the following determinations were only performed in Wistar rats.
The composition of faecal microbiota in Wistar rats was characterised by the FCM -fluorescence in situ hybridisation technique before the start of the diet and at the end of the study in all dietary groups (Table 3 ). All groups showed a similar microbiota composition pattern at baseline.
The proportion of Bacteroides, Bifidobacterium, Streptococcus and Staphylococcus increased by age in the REF groups (P, 0·05). With regard to the nutritional intervention, all the three cocoa polyphenol-enriched diets led to significant differences in microbiota composition. After 4 weeks of nutritional intervention, the rats fed the PC0·2 diet showed a significant decrease in the total counts of bacteria compared with their baseline values (P,0·05) and with the REF diet (P, 0·05), and a lower proportion of Lactobacillus with respect to their baseline values (P, 0·05). This effect on Lactobacillus was also observed in the PC0·4 and PC0·8 groups. The age-dependent increase in Staphylococcus genera was significantly lower after the intake of the PC0·2 diet than after the intake of the REF diet (P, 0·05). In contrast, the increase in the proportion of Streptococcus by age was inhibited by the PC0·2 and PC0·8 diets (P,0·05).
Effects of cocoa polyphenols on IgA-coating bacteria
The percentage of IgA-coating bacteria was determined by FCM according to their FSC/SSC signal using faecal samples collected , Diet containing 0·2 % polyphenol from conventional cocoa; , diet containing 0·4 % polyphenol from non-fermented cocoa rich in polyphenols;
, diet containing 0·8 % polyphenol from non-fermented cocoa rich in polyphenols.
before the start of the diet and at the end of the study (Fig. 5(a) ). At the beginning of the study, all groups showed similar IgAcoating patterns (Fig. 5(b) ). This proportion decreased by age up to 10 % in the REF groups at day 28. The groups that received the PC0·2 and PC0·8 diets also had a decreased percentage of IgA-coating bacteria with respect to those found at baseline (P, 0·05), with the reduction by the PC0·2 diet being stronger than that by the REF diet (P,0·05; Fig. 5(c) ). Values are means (n 6), with their standard errors represented by vertical bars. *Mean value was significantly different from that of the reference group ( ; P, 0·05) on the same day of the study. †Mean value was significantly different from that of the group consuming the diet containing 0·2 % polyphenol from conventional cocoa ( ; P, 0·05) on the same day of the study. , Diet containing 0·4 % polyphenol from non-fermented cocoa rich in polyphenols; , diet containing 0·8 % polyphenol from non-fermented cocoa rich in polyphenols.
Discussion
In previous studies, cocoa-enriched diets have demonstrated their immunomodulatory role in the systemic and intestinal compartments of rats (4) . It is believed that this effect is mainly due to the polyphenols present in cocoa. The present study focused on investigating whether these effects are attributed exclusively to them or should be attributed to other compounds present in cocoa, and, in addition, on evaluating ( ; P, 0·05) on the same day of the study. †Mean value was significantly different from that of the group consuming the diet containing 0·2 % polyphenol from conventional cocoa (PC0·2, ; P, 0·05) on the same day of the study. ‡Mean value was significantly different from that of the group consuming the diet containing 0·4 % polyphenol from non-fermented cocoa rich in polyphenols (PC0·4, ; P, 0·05) on the same day of the study. §Mean value was significantly different from that of the group consuming the diet containing 0·8 % polyphenol from non-fermented cocoa rich in polyphenols (PC0·8, ; P, 0·05) on the same day of the study.
whether these changes are rat strain dependent. To achieve this, two different rat strains were fed three cocoa diets formulated with three distinct cocoa raw materials differing in the proportion of polyphenols and other cocoa compounds.
From the results, it emerges that Wistar rats are, in some aspects, more sensitive than Brown Norway rats to the effects of a cocoa diet on the immune system. In addition, the influence of cocoa on intestinal IgA and microbiota depends on polyphenols; however, as these effects are not dose dependent, other compounds must be involved in this influence. Previous reports concerning the effect of cocoa on the immune system in vivo were developed using 2 -10 % cocoa-enriched diets formulated with conventional cocoa containing, among other compounds, 20 -30 mg/g of polyphenols (5, 12, 18) . The present study includes the effect of two cocoa powders very rich in polyphenols (about 160 and 500 mg/g, respectively), because they were obtained without fermentation, allowing them to keep the polyphenols contained in cocoa seeds (19) . In the elaboration of the PC0·4 and PC0·8 diets, small amounts of cocoa powders were used to double or to quadruple the polyphenol content of the conventional 10 % cocoa diet (PC0·2). The amount of conventional cocoa powder used to elaborate the PC0·2 diet provided about 34 mg/g of fibre, including both soluble and insoluble fibre, and about 2 mg/g of theobromine. In summary, in the present study, three cocoa diets with increasing proportions of polyphenols (0·2-0·8 %) and decreasing content of other cocoa compounds, such as fibre and theobromine, were designed to dissect the effects of cocoa on the immune system. First, the influence of cocoa polyphenol intake on the increase in body weight was evaluated during the study period. Although during this period, there was no difference regarding food intake among the experimental groups, those fed with the PC0·2 diet in both rat strains had a lower increase in body weight, a result that is in line with previous studies carried out using conventional cocoa (12, 18, 20, 21) . However, it is worth noting that diets containing non-fermented cocoa with a higher amount of polyphenols did not produce such an effect, suggesting, therefore, that the influence of cocoa on body weight does not depend on cocoa polyphenol content. In this sense, we can suggest that methylxanthines found in higher concentrations in the PC0·2 diet than in the PC0·4 and PC0·8 diets could play an important role (22) . Further studies must delve into the cocoa compounds and the mechanisms involved in this effect.
One of the immune aspects considered in the present study is the influence of cocoa polyphenols on serum Ig concentrations. It has been reported that food polyphenols have the ability to modulate systemic Ig production (23, 24) . In the present study, we observed that the three cocoa diets attenuated the age-increasing pattern observed for serum IgG1 and IgG2b concentrations in Wistar rats but not in Brown Norway rats. This effect did not depend on the polyphenol dose alone, thus suggesting that other compounds in the formulation of cocoa must have also contributed and even potentiated the effect when lower amounts of polyphenols are present. In contrast, serum IgG concentrations in Wistar rats are much lower than those in Brown Norway rats and, perhaps as a consequence, the first strain is more sensitive to cocoa intake than the latter one. The attenuation of serum IgG concentration produced by cocoa is in line with previous studies also carried out in Wistar rats (11) . With regard to intestinal IgA, the present results from a conventional cocoa diet (PC0·2) confirmed the down-modulatory effect on intestinal (faecal and gut wash) IgA content shown in previous studies, including several proportions of cocoa in diets (2-10 %), different ages at the beginning of the dietary intervention (3-6 weeks old) and different lengths of the diet (3-9 weeks) (5, 12, 25) . The attenuating effect on intestinal
IgA produced by the PC0·2 diet was also produced by nonfermented cocoa when used at 0·8 % concentration in both Wistar and Brown Norway rats, in a similar way to what was observed in older Lewis rats fed with similar PC0·2 and PC0·8 diets for 2 weeks (21) . However, when considering IgAcoating bacteria, its percentage decreased after the intake of the PC0·2 diet but not after the PC0·8 diet, thereby partially reflecting the attenuating effect on intestinal IgA. The lowering effect of a conventional cocoa polyphenol diet (PC0·2) on bacteria coated with IgA observed herein is in line with previous studies conducted with a longer intervention in Wistar rats (12) and also in older Lewis rats (21) . Overall, these results suggest that polyphenols can be responsible for the decrease in intestinal IgA concentrations, but some other compounds present in conventional cocoa must have also contributed or potentiated the effect of polyphenols.
The study of lymphocyte composition in PP and MLN can shed light on the effect of cocoa on intestinal IgA. Some studies have reported the ability of polyphenols to modulate the proportion of some mucosal lymphocyte populations (26) , and also previous results have shown the effect of conventional cocoa on these compartments (5) . However, in the present study, the diets containing conventional cocoa did not produce profound changes with the exception of the increase of the NK population in PP lymphocytes. Similarly, diets containing a higher amount of polyphenols did not produce any effect on lymphocyte composition in MLN and PP. Since no significant changes were observed in the percentage of Th and B cells, the proportion of these cells in MLN or PP cannot explain the attenuating effect of cocoa polyphenols on intestinal IgA concentration, and this fact suggests that intracellular mechanisms, released immune mediators or the transcytosis of IgA across the intestinal wall could be responsible for the effect on intestinal IgA concentration (11) . In contrast, the present results support the up-modulatory effect of conventional cocoa on the proportion of NK cells in the PP of Wistar rats, and agree with the enhancing effect of cocoa on innate immunity, as described previously (5) . With regard to the gut microbiota, a decrease in total bacteria counts and some composition changes were produced by 4 weeks of cocoa diets, this being more pronounced again with the lowest concentration of polyphenols provided by the conventional cocoa. In general, cocoa diets inhibited the growth of Staphylococcus, Streptococcus and Clostridium histolyticum/C. perfringens (belonging to the Firmicutes phylum) produced by age. The inhibitory effect on the growth of Staphylococcus and Streptococcus genera induced by the PC0·2 diet is partially in line with previous findings in young Wistar rats after 6 weeks of nutritional intervention (12) . In this context, polyphenols have been associated with an inhibitory effect on the growth of C. histolyticum/C. perfringens genera in in vitro, preclinical and clinical studies (12,17,27 -30) . In contrast, the rats fed with the three cocoa polyphenol-enriched diets showed a decrease in the proportion of Bifidobacterium, which is not in line with other authors who attributed a bifidogenic effect to the polyphenols (17, 29, 31, 32) . These differential results could be attributed to several factors such as the source of the polyphenols (pure flavonoids or polyphenol-rich dietary sources), dose, methodology (in vitro, preclinical or clinical studies) and differential composition and distribution ecosystems (rats v. human gut). In addition, it has been reported that polyphenols have diverse selective prebiotic effects and antimicrobial activities against certain genera of the gut microbiota (33) , Gram-negative bacteria being more resistant than Gram-positive bacteria (34) , and excessive amounts of polyphenols may inhibit the growth of beneficial colonic microbiota (35) . In any case, from these data and unpublished results from our ongoing research, it could be suggested that cocoa polyphenols influence microbiota composition, but some other compounds, such as fibre and/or methylxanthines, must enhance this effect.
In summary, some immunomodulatory effects of diets containing high cocoa depend on the rat strain and could be partially attributed to their polyphenol content. Other cocoa compounds could also be key factors in this effect. Further studies evaluating dissected components of cocoa, such as fibre and theobromine, should be carried out in order to evaluate whether they are able to reproduce, at least partially, the previously and herein described cocoa effects on the intestinal immune system. 1 (SEM 3.3) ). (c) IgA-coating bacteria at the end of the 28 d of nutritional intervention in all the groups. ---, Basal value. Values are means (n 6), with their standard errors represented by vertical bars. *Mean value was significantly different from that before the intervention (P, 0·05). †Mean value was significantly different from that of the reference ( ; REF) groups (P, 0·05) on the same day of the study. ‡Mean value was significantly different from that of the group consuming the diet containing 0·2 % polyphenol from conventional cocoa ( ; PC0·2, P, 0·05) on the same day of the study. , PC0·4, diet containing 0·4 % polyphenol from non-fermented cocoa rich in polyphenols; , PC0·8, diet containing 0·8 % polyphenol from non-fermented cocoa rich in polyphenols.
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